Purpose: To evaluate the utility of artificial ascites induction for radiofrequency ablation (RFA) of peridiaphragmatic hepatocellular carcinoma (HCC) through retrospective cohort analysis comparing characteristics and complications of peridiaphragmatic HCC without the use of artificial ascites to non-peridiaphragmatic HCC. Materials and Methods: IRB approval was obtained. From September 2003 to December 2008, 150 consecutive patients with hepatic tumors received percutaneous RFA. 110 patients had presumed HCC, and of those 21 had lesions abutting the diaphragm. Of the remaining 89 patients with non-peridiaphragmatic HCC lesions, 21 were randomly selected for the comparison group. RFA volume, major and minor complication rates, pain, technical success, and recurrence rates were compared between the two groups. Results: There was no statistical difference in RFA volume (P = 0.962), overall major complication rate (P = 0.343) and minor complication rate (P = 0.118) between the two groups. However, the peridiaphragmatic group that underwent RFA with a clustered-needle demonstrated a statistically significant higher proportion of major complications compared to the non-peridiaphragmatic clustered-needle group (P = 0.033). There was no statistical difference in pain severity (P = 0.8802) or pain location (P = 0.15). There was no statistical difference in technical success rates (P = 1), local tumor progression rates (P = 1), or time to local tumor recurrence (P = 0.67). Conclusion: Artificial ascites induction for RFA of HCC lesions adjacent to the diaphragm may not be necessary, although clustered electrode technique should be avoided in this location as they present with a higher complication rate.
Introduction
Radiofrequency ablation (RFA) has proven to be a safe and successful technique for the control and treatment of hepatic tumors [1] - [6] . However, complications can occur [4] , [7] - [22] . Diaphragmatic injury during RFA of tumors adjacent to the diaphragm is one of the more commonly discussed complications with both animal and human studies addressing the frequency of injury after RFA [4] , [9] - [25] .
Reasons include difficulty of diaphragmatic visualization on ultrasound from overlapping ribs or adjacent lung, with the resultant high risk of thermal injury to the adjacent diaphragm [14] , [26] - [30] , or even the adjacent lung with resultant pleural effusions. The most concerning injury for the patient is local or referred shoulder pain from injury to the phrenic nerve.
Some have concluded that RFA adjacent to the diaphragm is contraindicated or that special interventional techniques are necessary to separate the diaphragm from the liver [23] - [25] , which include artificial ascites, or hydrodissection [27] , through improved visualization of tumor and reduced risk of diaphragmatic thermal injury [24] , [27] , [31] - [35] .
However, the induction of artificial ascites prior to ablation can have possible potential drawbacks such as increased procedure time, incomplete success rate in patients with postoperative adhesions, and risk for bleeding, peritonitis, seeding, and increased rates of local tumor progression [31] - [38] . Given these potential drawbacks, we raise the question of its true utility. To our knowledge, there has been only one study by Kang [26] showing a slight increase of minor complications, and statistically significant increase in right shoulder pain in diaphragmatic lesions treated with RFA without artificial ascites.
We thus compare local complications and technical success of RFA of liver lesions abutting the diaphragm with lesions in non-subdiaphragmatic locations. Given diaphragm innervation anatomy with intercostal nerve supply of the peripheral portions and phrenic nerve supply more centrally, we also further evaluate pain based on diaphragmatic sublocations.
Materials and Methods
Approval was obtained from our Institutional Review Board. No written informed consent was required for this single-center retrospective cohort study. Between September 2003 and December 2008, percutaneous radiofrequency ablation using multiple or single internal cooled electrodes; or a cluster electrodes (Covidien, Boulder, CO) was performed on 150 consecutive patients with hepatic tumors. Inclusion criteria for the study included; a single hepatic tumor size <4 cm, or up to 3 hepatic tumors of size <3 cm, and absence of portal vein thrombosis, INR of less than 1.35, and a platelet count of greater than 50,000.
All ablations were performed in a standard fashion, using ultrasound (Acuson Sequoa, Siemens Healthcare) with a 4-MHz sector transducer for electrode placement and then utilizing noncontrast CT (16-MDCT LightSpeed CT, GE Healthcare or 64-MDCT Somatom Definition Dual Source, Siemens Healthcare) to document electrode position and relationship to surrounding structures. When there was a liver hepatoma abutting the diaphragm, defined as a lesion with any portion of the margin in contact with the diaphragm by imaging, the electrode was placed 5 mm proximal to the diaphragm initially using sonographic guidance (Figure 1 ) and additionally using CT confirmation of placement. In nonperidiaphragmatic tumors, the electrode was placed within the lesion centrally, using sonographic guidance.
All ablations were performed by one faculty member with over 10 years experience in RFA, and using one radiofrequency generator (Radionics, Covidien) to minimize variables. Needle electrodes were all saline-perfused cooled-tip internally cooled single or clustered electrodes (Cool-Tip RF Ablation Electrodes, Covidien.)
RFA was performed using a gradual ramp of power with a starting power of 30 W which was gradually increased by 10 W each minute using the impedance control mode, and stopping when three separate "roll offs" of power occurred [39] . No hydrodissection was used in any cases. There was no difference in ablation settings or parameters for peridiaphragmatic compared to nonperidiaphragmatic tumors.
Assessment of therapeutic success was determined by four-phase liver computed tomography obtained within 24-hour after completion of the procedure. Diagnostic CTs were performed with either a General Electric nipaque 350, GE Healthcare) was injected at 2.5 ml/s (Figure 2 ). Multi-phase MRIs were performed on a General Electric 1.5 Tesla scanner (General Electric, Milwaukee, WI). During and immediately after the procedure, clinical success and complications were determined by the radiologist performing the procedure by physical exam and symptoms.
Assessment of Radiofrequency Ablation Zone and Complications
All the RFA volumes were calculated from CTs obtained at immediate 24 hour follow-up imaging during the portal venous phase using 5 mm CT slice thickness using the axial, sagittal, and coronal image measurements, and the formula for an ellipsoid of length radius × width radius × height radius × 0.52. RFA volume was considered the primary endpoint between the two groups. We evaluated incidence of complications according to the National Cancer Institute's Common Terminology Criteria for Adverse Events, Version 3.0 [8] with major complications as those that required additional therapy with hospitalization <48 hrs, required major therapy and/or unplanned increased in the level of care, prolonged hospitalization (>48 hrs), or resulted in permanent adverse sequelae or death. All other complications that did not meet this criteria were considered minor, including complications that did not require therapy or required nominal therapy with overnight admission for observation only [8] . These minor complications including pleural effusions were included in our data. We did not measure change in diaphragm thickness as noted by Kang TW [26] . The degree and location of body pain was evaluated, as determined by numeric rating scale of pain, scoring of 0 (no pain) to 10 (greatest degree of pain) during the standard post-ablation hospital observational stay or hospital admission [40] . The maximum score during the hospital stay was evaluated.
We divided the right hepatic lobe/dome into 9 sections (see Figure 3) , and assigned the peridiaphragmatic HCC RFA location to one of the 9 sections based on the immediate post-RFA 24-hour follow-up portal venous phase imaging. We evaluated for correlation between the hepatic subsection that contained the lesion undergoing RFA to the patient's pain severity score. We also evaluated for correlation between the hepatic subsection that contained the lesion undergoing RFA to the body area that the patient was experiencing the pain.
Assessment of Technical Success and Recurrence
Determination of technically successful RFA by imaging was defined as a non-enhancing area of low attenuation in the region of the previously noted HCC lesion (see Figure 2) .
We evaluated local tumor progression or recurrence on follow-up imaging which included multiphase contrast enhanced CT and contrast enhanced MRI, which was considered to be the secondary endpoint. Local tumor progression was defined as any nodular enhancement within or abutting the RFA zone that demonstrated HCC characteristics of arterial phase enhancement and washout by delayed phase.
Statistical Analysis
Patient and tumor characteristics of the two groups were compared by using the two-sided Wilcoxon rank-sum test. Fisher's exact test was used to compare the distribution of sex. RFA volume was compared using the two-sided Wilcoxon rank-sum test. The two-sided Fisher's exact test was used to compare the complete ablation rates volume as well as the major & minor complications, between the two groups. Complication rate and complete ablation rate were compared between the two groups using the logistic regression in order to adjust for the number of needles. Pain scores were compared between the two groups by the two-sided Wilcoxon rank-sum test. Pain severity score among the diaphragm locations were compared using the Kruskal-Wallis test. Fisher's exact test was used to study the association between the RFA locations and pain locations and also for comparison of distribution of pain location between the two groups.
Technical success rate comparison was evaluated using the two-sided Fisher's exact test. Time to local recurrence was computed by using the Kaplan-Meier method [41] and the two groups compared by using the log-rank test. Cox proportional hazards (PH) regression [42] was used to compare the time to local tumor recurrence between the peridiaphragmatic HCC and non-peridiaphragmatic HCC groups in order to adjust for the number of needles. All analyses were performed with SAS V9.2 (Cary, NC). A p-value < 0.05 was considered statistically significant.
Results

Patients
The 21 patients in the peridiaphragmatic group had liver cirrhosis secondary to Hepatitis C (N = Patient and tumor characteristics of the two patient groups are detailed in Table 1 . The two groups were well matched in age, sex, and MELD score. There was no statistical difference in tumor size between the two groups.
Evaluation of Radiofrequency Abalation Zone and Complications
In the peridiaphragmatic HCC RFA group, the volume of the post RFA zone ranged from 7.4 to 406.5 cm 3 (mean 47.9 ± SD 83 cm 3 ) as determined on immediate followup CT imaging. In the non-peridiaphragmatic HCC RFA group, the volume of the post RFA zone ranged from 6.6 to 91.6 cm 3 (mean, 38.1 ± SD 27.0 cm 3 ). There was no statistical difference between the two groups (P = 0.962).
In the peridiaphragmatic group, 4 of 21 (19.0%) of patients demonstrated major complications compared to 1/21 (4.7%) of non-peridiaphragmatic HCC patients (see Table 2 ). There was no difference in major complications rate (P = 0.343) between the groups. There was no statistically significant difference in the minor complication rate between the two groups (P = 0.061). Within the peridiaphragmatic HCC group, 13/21 (61.9%) patients demonstrated minor complications, of which pleural effusion was the predominant complication (see Table 3 ). Within the non-peridiaphragmatic HCC group, six of 21 (28.6%) patients demonstrated minor complications, of which pleural effusion was the predominant complication (see Table 3 ).
However, the peridiaphragmatic group that underwent RFA with clustered-needle technique demonstrated a statistically significant higher proportion of major complications with 3/7 (42.9%) compared to 2/6 (33.3%) in the non-peridiaphragmatic clustered-needle group (P = 0.033). There was no statistical difference of minor complications between the clustered needle subgroups with 4/7 (57.1%) demonstrating minor complications in the peridiaphragmatic group compared to 1/6 (16.67%) of the non-peridiaphragmatic group (P = 0.118).
Of the 21 patients in the peridiaphragmatic HCC group, 13 had documentation of postprocedure pain. Of the 21 patients in the non-peridiaphragmatic HCC group, 13 had documentation of postprocedure pain (see Table 4 ). Pain severity between the peridiaphragmatic HCC and non-peridiaphragmatic HCC groups was not significantly different (P = 0.8802). The mean pain score within the peridiaphragmatic HCC group was 6.14 (range 0 -10), and the mean of non-peridiaphragmatic HCC group 6.29 (range 0 -10). There was no statistically significant difference in pain location distribution between the two groups (P = 0.15).
Comparison of pain score differences among the 9 pain locations within the peridiaphragmatic HCC group revealed no statistically significant difference (P = 0.71), detailed in Table 4 .
Therapeutic Efficacy and Assessment of Recurrence
The technical success rate in the peridiaphragmatic HCC group was 19/21 (90.5%) and 19/21 (90.5%) in the non-peridiaphragmatic HCC group. There was no statistical difference in technical success rate between the two groups (P = 1). The average age, sex, mean score and tumor site between 21 HCC's located adjacent to and away from the diaphragm.
Local tumor progression was noted in 7/21 (33.3%) in the peridiaphragmatic HCC group and 8/21 (38.1%) in the non-peridiaphragmatic HCC group. There was no statistical difference in local tumor progression rates between the two groups (P = 1). The two groups demonstrated no significant difference in time to local tumor recurrence (P = 0.6707). In the non-peridiaphragmatic HCC group, the estimated mean time from RFA procedure to local tumor recurrence is 26.22 months with SE +/− 6.45 months, (average follow-up time 12.4 months range 0.1 -59.1 months). In the peridiaphragmatic HCC group, the estimated mean time to local tumor recurrence is 5.89 months with SE +/− 0.66 months (average follow-up time 9.2 months, range 0.1 -42.8 months).
Discussion
Recently the use of artificial ascites prior to radiofrequency ablation therapy of HCC lesions adjacent to the diaphragm has become a more accepted practice and the subject of research. However, review of literature demonstrates only three reported fatalities from RFA of peridiaphragmatic hepatic tumors in instances without the use of hydrodissection [13] , [18] , [22] . This is an extremely low mortality rate that is comparable to overall hepatic tumor RFA periprocedural reported mortality of <0.5% [43] . Also, previous review of literature reports a rate of diaphragmatic injury in only 0.16% (6/3670) of all hepatic tumor RFA cases [7] , [19] . Reports of major complication associated with RFA of peridiaphragmatic HCC lesions demonstrate a wide range from 0% -45% and complications included mostly reports of pneumothoraces and pleural effusions [26] , [36] , [44] - [46] . We reviewed our results of RF ablation adjacent to the diaphragm.
Ablation Zone Volume and Complications
Our study demonstrates no difference in ablation volume between the two groups. The mean volume of 47.8 cm 3 and 38.1 cm 3 in the perdiaphragmatic versus non-peridiaphragmatic groups, respectively, is comparable to previous literature [38] . The lack of significant difference in minor complications agrees with Nam et al. [38] . However, they differ from findings of Kang et al. [26] that demonstrated increased minor complications/side effects in RFA of lesions adjacent to the diaphragm, but only statistically significant in the subgroups of right shoulder pain symptoms and transient nonclinical lung injury. In their series only 1/29 patients had severe shoulder pain. In this patient a multi-tine electrode was used. In our prior personal experience we have had trouble visualizing all the tines with an expandable electrode abutting the diaphragm and thus favor an electrode without expandable tines when performing ablations next to the diaphragm.
Our findings, showing no differences in complication rates, favor that artificial ascites may not be necessary. Statistical data showing no difference in major complications between the two groups may have been a result of lower study numbers and decreased statistical power, as the raw data does demonstrate a trend of increased number of minor complications (13 versus 6) within the peridiaphragmatic group comparatively. However, given that the definition criteria for minor complications as those that do not ultimately affect the hospital stay duration or level of care, this trend may not have any clinical significance and should not be a deterrent to ablation of peridiaphragmatic ablations of HCC lesions.
More relevant to clinical practice would be the evaluation of major complication rates between the two groups which we showed no statistical difference. This is in agreement with Kang et al. [26] . Results favor that artificial ascites does not affect post-procedural complications and thus patient morbidity/treatment. Our major complication rate of 19% (4/21) in the peridiaphragmatic group is lower than previous reports that documented rates ranging from 29% -45% [47] - [50] . This discrepancy may be secondary to the differences in technique, of which our operator used gradually ramped-up power [39] and our use of other precautionary measures such as both CT and ultrasonographic confirmation of needle tip position to be 5 mm from the diaphragm and use of non-expandable electrodes. With proper precaution and technique, lower major complications rates can be obtainable.
Major complications rates were higher with the clustered RFA needle in peridiaphragmatic lesions (3 patients). Also, there was a trend of increased rate of minor complications between the clustered needle peridiaphragmatic compared to non-peridiaphragmatic group (although not reaching statistical significance, P = 0.118) of 57.1% versus 16.7%, respectively. This could be because the design of the clustered needle results in greater volume due to the sum of the simultaneous multiprong ablations compared to if each prong were inserted separately [51] . This would more likely injure the adjacent diaphragm as the ablation area is not concentrated more focally and a larger volume is ablated with greater likelihood to involve the diaphragm. Also, the rigid and geometric design of the clustered electrode may be problematic when it is placed adjacent to the diaphragm since not all three electrodes can be placed equidistant from the curved diaphragm. Also the coagulation region of the three electrodes beyond the tip may be synergistic so as to potentially involve the diaphragm. It may be prudent to avoid the use of a clustered needle in lesions adjacent to the diaphragm when not using artificial ascites.
Pain
Our study demonstrates no statistically significant difference (P = 0.148) in pain location distribution between the two groups, which disagrees with findings of Kang et al. [26] . However, our raw data of 24% of peridiaphragmatic RFA patients with right shoulder pain versus 5% in RFA elsewhere, does demonstrate a trend. Our reported 24% with right shoulder pain is similar to data from Kang, et al. but is greater than in Head, et al. [7] . This increased rate of shoulder pain in the peridiaphragmatic RFA group could be secondary to inflammation of the diaphragm from RFA, causing associated phrenic nerve irritation.
If one of the purposes of artificial ascites is to avoid pain-related morbidity, a similar number of our patients in the two groups developed pain, and the only difference was in the pain location. This implies that artificial ascites would not ultimately affect pain-related morbidities. However, another important issue to consider is chronicity of pain, which was not evaluated in our study due to its retrospective nature. Investigation of pain chronicity and duration between these two groups in a prospective study could be considered.
We attempted to further evaluate the nature of right shoulder pain in the peridiaphragmatic lesion RFA patient group by subdivision of peridiaphragmatic location (See Figure 3) of the lesion. This is based on known phrenic nerve main branch location along the medial central right diaphragm and innervation of more peripheral locations of the diaphragm by separate intercostal nerve branches [52] (See Figure 4) . Our hypothesis was that more central and medially located peridiaphragmatic lesions that underwent RFA would demonstrate more severe pain or be associated with right shoulder pain given proximity to the main right phrenic nerve branches, and that those located more peripherally and laterally with closer proximity to intercostal nerve branches would have less severe pain or not be associated right shoulder pain. Results demonstrate no statistical difference, but our study was very limited by low patient numbers with only 21 peridiaphragmatic lesions patients and only 14 with accessible pain score data. Future studies with greater subject numbers and improved Power for statistical analysis would be useful for evaluation of lesion location and possible association with pain severity and location.
Therapeutic Efficacy and Assessment of Recurrence
Location adjacent to the diaphragm and suggested limitations of decreased visualization of tumors adjacent to Figure 4 . The phrenic nerve anatomy originates from cervical roots C3-C5 and descends inferiorly towards the diaphragm. The right phrenic nerve branches 0.5 -1 cm above the diaphragm before extending into the diaphragmatic muscle. Peripheral diaphragmatic muscles are innervated separate from the phrenic supply, by small filaments from intercostal nerves. the diaphragm sonographically did not affect RFA efficacy as our study demonstrates no difference in technical success rate between the two groups. Our technical success rate of 90.5% showed similar rates compared to other studies with Head, et al. [7] and Livraghi, et al. [3] , [17] showing rates of 87.5% -90% in both peridiaphragmatic and non-peridiaphragmatic HCCs.
One of the main proposed purposes of artificial ascites is to improve the sonic window for better visualization of a peri-diaphragmatic tumor, which may increase the technical success rate from improved targeting. With no difference in technical success rates between the two groups, which are also comparable to rates of prior studies as described above, this supports that artificial ascites may not be necessary for better visualization to achieve these rates. This may be because the dual imaging technique using sonography for initial electrode placement guidance with subsequent noncontrast CT confirmation ensures adequate placement and relationship to surrounding structures without the need for artificial ascites. Also, our use of gradual ramp-up of power method with internally cooled electrode may contribute to the efficacy of ablation.
Also, our study demonstrates no significant difference of local tumor recurrence between the two groups, with 7/21 (33.3%) versus 8/21 (38.1%) in the peridiaphragmatic HCC and non-peridiaphragmatic groups, respectively. Our recurrence rates are similar to Head, et al. [7] , but increased compared to Nam, et al. [38] . But similar to our study, they demonstrated no statistical difference in recurrence rates between the two groups. Our recurrence rates were greater than the 15% reported by Rhim, et al. [34] ; however their study focused solely on lesions less than 3 cm while our study included lesions that were larger and thus more likely to recur.
Our data favors that RFA of peridiaphragmatic HCC lesions without the use of hydrodissection does not negatively affect outcomes relative to standard random HCC lesions that do not abut the diaphragm. We should note that the survival data shows a mean time to recurrence from RFA procedure in the peridiaphragmatic HCC group of 26.2 months, compared to only 5.9 months in the non-peridiaphragmatic group. However, these numbers can be misleading due to low study numbers and incomplete data for time endpoints in our survival data technique (Kaplan-Meier estimation and log-rank test). A larger study with increased Power would be helpful to further evaluate local recurrence rates between these two groups.
Limitations of Study
This study has several limitations. First, it was a retrospective cohort study. We could not evaluate the true difference between the use of artificial ascites versus lack of its use for lesions adjacent to the diaphragm because we did not perform a prospective randomized controlled study. Second, the small number of our subjects limits our statistical data. Thirdly, some patients were lost to immediate follow-up, limiting our analysis of recurrence (3 in the peridiaphragmatic group, and 4 in the nonperidiaphragmatic group). And lastly, our patient pool was taken from a single institution and may not be representative of the population as a whole. In the future, a prospective cohort study with greater power assessing the role of ascites comparing the safety and efficacy of RF ablation using ascites versus no ascites technique for peridiaphragmatic lesions would be useful.
In summary, we performed percutaneous radiofrequency ablation without artificial ascites for HCC in the hepatic dome, which has been considered by some to have higher rate of complications, right shoulder pain, and recurrence. We have shown that the lack of artificial ascites does not increase major complication rate, except with the use of a clustered needle, which we feel should be avoided in peridiaphragmatic cases. In addition, the lack of artificial ascites and ablation location relative to the diaphragm did not correlate to pain severity, although our results were limited by small patient cohort and further evaluation with greater patient numbers would be of benefit. Lastly, we have shown that the diaphragmatic ablation versus non-diaphragmatic location does not increase the rate of recurrence.
